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Introduction
Quantifying the underwater radiated noise (URN) of ships is not a simple process because ships are installed with many types of machinery, causing different noise and vibration levels. URN can be generated mechanically by on-board reciprocating engines, machinery as well as hydrodynamically e.g. mainly due to their propeller(s) Brown 2005, ITTC 2014) . During the combustion process, high gas pressure forces and inertial forces excite the system to vibrate and generate structure borne noise in the firing rate harmonics (Vorus 1988, Arveson and Vendittis 2000) . The overall URN level of surface ships can be associated with vessel speed and displacement up to 100Hz for commercial vessels (Ross 1976) . Noise generated by non-cavitating propellers can be divided into two categories; the first one is low frequency blade rate noise induced pressure fluctuations, and the other is high frequency broadband cavitation noise (e.g. Urick 1967 , Carlton 2012 ). Fig. 1 shows an idealized non-cavitating propeller noise spectrum. However, URN can be contributed and dominated by propeller blades, especially when cavitation occurs (e.g. Sasajima et al. 1986 ). Cavitating propellers have more complex noise spectra with considerably higher sound pressure levels than the noise spectra for non-cavitating propellers. Fig. 2 presents the general noise spectrum of cavitating ship propellers (Nilsson and Tyvand 1981) . The blade rate noise through its harmonics can be predicted up to the middle frequency range due to the relatively steady nature of the developed cavitation on the propeller blades (Wales and Heitmeyer 2002) .
Most of the tools to predict URN level and pressure pulses induced by cavitating propellers can be performed for lower frequency by taking into account the propeller geometry, boundary condition, area of sheet cavitation on the propeller blade (Szantyr 1985 , Kinnas et al. 2003 , Ekinci et al., 2010 .
Many unsteady phenomena are involved in the developed cavitation including cavity collapse and shock waves as reported in (Wenz 1962 , Nilsson and Tyvand 1981 , Sasajima et al. 1986 , Hallander and Göran 2002 . Therefore, predictions get harder beyond the middle frequency range. Nilsson and Tyvand 1981) In assessing the most accurate levels of the ship's URN full-scale measurements through dedicated noise trials are essential. Full-scale trials involve on-board and off-board measurement devices e.g. hydrophone arrays, accelerometers, pressure sensors and GPS sensors (e.g. . Trials using these systems are often complex, expensive and time-consuming to undertake.
Moreover, self-noise of the deployed equipment might be apparent in the URN spectra. The distance between the noise source and hydrophones cannot be hold constant due to the target vessel continuously moving without employing the rudders. Therefore, a measurement time span (Data Window Period) is necessary for averaging the measured data (ANSI 2009). Traditional methods offer a high accuracy level to determine the underwater noise generated by shipping. However, costeffective and hands-on methods of ship noise monitoring need to be investigated. This paper presents a new method to quantify the URN of a ship by using cost-and time-effective on-board measurement devices. Comprehensive full-scale trials were conducted on The Princess Royal, which is Newcastle University's catamaran type research vessel and the results were analysed and discussed as part of the FP7-EU project called SONIC, Suppression Of underwater Noise Induced by Cavitation (SONIC, 2012) . During these trials, an extensive amount of on-board data were captured from multiple measurement systems using hull pressure sensors, accelerometers, ultrasonic transducers, optical devices, etc. Simultaneous off-board radiated noise measurements were also undertaken to establish a correlation between the on-board and off-board noise data. Moreover, the cavitation views were recorded by using digital photography and highspeed cameras to describe the type of the cavitation present on the propellers. Finally, the direct relation between the sound pressure levels measured in the far-field and the dynamics created by the propellers and machinery were investigated.
A general description of the trials, including the Princess Royal as the benchmark vessel and onboard and off-board measurement devices as well as the location of the trial area, is given in Section 2. The full-scale cavitation observations made on-board of the vessel and its major contribution to URN are shown in Section 3. This is followed by a description of on-board and off-board measurement data and their analysis methods in Section 4. A correlation method that was created in this study is presented in Section 5. A conclusion and discussion with a specific emphasis on the correlation study are reported in Section 6.
Methodology
On-board measurements were carried out to give an indication of the impact of cavitating ship propellers on the underwater noise emission from a catamaran research vessel. A total of 76 runs were completed during the trial. Of these, off-board radiated noise data was recorded on 49 runs.
The measurements were undertaken in the region of Northumberland, about 28 km offshore east of Blyth, in the North East coast of England. Water depth in the trials area varies from about 90 m -100 m at Lowest Astronomical Tide (LAT). Sediment conditions consist of soft mud. The target vessel used in the trials was the RV Princess Royal (Fig. 3) , designed, owned and operated by Newcastle University (Atlar et al. 2013) . The outline specification of the vessel is shown in Tab 1 while those of her propellers are given in Tab 2. 
Cavitation observation
Since the type, extent, volume, density and dynamics of the cavitation play a major role in contributing to the URN levels this section summarizes the cavitation observations made on-board the vessel through the portholes (Perspex Windows) above her propellers as shown in Fig. 4Error ! Reference source not found.. Some pictures were taken from outer side windows some from inner side windows. The full documentation of the cavitation observations during the SONIC noise trials can be found in Sampson et al. (2015) . The vessel's lowest engine speed is 600rpm. At this speed, as shown in Fig. 6 , no cavitation was visible. In fact, the inception of the tip vortex was between 650 and 700 engine rpm. When the vessel was operated at an engine speed of 900rpm cavitation could be observed on the propeller. The dynamics of the cavitation at this speed can be described as less intermittent, rather continuous " stable leading edge vortex cavitation" emanating from the suction side of the blade and continuing in the slipstream as a trailing vortex extending to the rudder. This is supported by the picture shown in Fig. 7 . Vortex" extending to the rudder. Partial "break-up" of the sheet cavitation as well as occasional appearance of intermittent "Hub Vortex Cavitation" (in Fig. 9 ) and "Hull-Propeller Vortex" cavitation were observed. 
Results of the on-board and off-board measurements
The off-board radiated noise data were measured by using CETENA's and Southampton University's hydrophone arrays following procedures of ISO/PAS 17028-1: 2012 and ANSI S12.64 (Humphrey et al. 2015) . Each array consisted of three digital hydrophones each with a depth sensor. The acquisition system is a multi-channel data receiver that is able to get a continuous flow of digital data simultaneously from all the hydrophones along with data from a GPS antenna. A moored 14 m catamaran support vessel was used to deploy the vertical hydrophone arrays.
Radiated Noise levels (RNL) received at each hydrophone was found from the Power Spectral Density (PSD) for each run within the Data Window Period (in µPa 2 .Hz -1 ). The received PSD level for each hydrophone is provided accordingly in narrowband (NB) spectra (from 4Hz to 50 kHz) in dB re 1 µPa 2 .Hz -1 . NB spectra are corrected for range to a reference distance of 1 m to give RNL in dB re 1 µPa 2 m 2 .Hz -1 , by adding the following correction to the averaged received levels
where is the distance between the acoustic center of the target vessel and each hydrophone at CPA (the slant range) and is the reference distance (1m). The one-third octave (OTO) band levels in dB re 1 µPa 2 m 2 were calculated in the same frequency range as NB spectra and adjusted for the distances between the target vessel and each hydrophone as above. The data were either analysed using real time OTO filters or Fast Fourier Transform (FFT) analysers in accordance with ANSI/ASA S1.11 (ANSI, 2004) .
. The ship radiated noise data (both NB and OTO band) were adjusted for background noise again using the standards of ISO/PAS 17028 and ANSI S12.64. If the difference between received level during a target vessel run and background noise level was greater than 10 dB no adjustments to NB spectra and OTO band levels were necessary. If the difference was between 3 dB and 10 dB, background noise was subtracted from the ship radiated noise using the following formula:
where is the background noise adjusted received sound pressure level (SPL) from the vessel, is the vessel noise plus background noise received SPL and is the measured background noise SPL. If the difference was less than 3 dB then the data was discarded.
Measuring the vibration level of the vessel with accelerometers was necessary to identify the noise sources and explore the structural responses as well as to calculate the transmitted energy and structure-borne noise through the structure (Fischer et al. 2008) . Vibration level was measured by the accelerometer located near to the pressure sensors, on the port side hull structure and the port side engine foundation. The measurements for the non-cavitating condition (600 rpm engine speed) and heavily cavitating condition (2000 rpm engine speed) are presented in Fig. 12 and Fig. 13 to illustrate the effect of the dominant noise sources on the structure in narrow band. At 600rpm, the vibratory energy of the main engine excites the engine foundation as shown in Fig. 12 . In this condition, structure borne noise and background noise are dominating the URN. At 2000rpm, the cavitating propellers are the dominant noise and vibration sources. Hence, the structural responses of the engine foundation were altered more by cavitation (in the blade passing frequencies) than the main engine (in firing frequencies) as shown in Fig. 13 . Fig. 12 -The main engine acceleration compared with off-board measurements (narrow band) for 600 rpm engine speed. To summarize the measurement campaign, the pressure pulses and RNL are proportional to engine speeds (see Fig. 14 and Fig. 15) . Fig. 16 further shows vessel radiated noise at various engine speeds as well as background (ambient) underwater noise. Background noise seemed to be above the URN when the vessel was operated at the low speeds. This might limit the usability of data from the lower speed runs (SONIC 2014).
Fig. 14-Pressure pulse spectrum of PP2 for various vessel speed measured by the CETENA onboard. 
Correlation between on-board and off-board measurements
The pressure pulses measured by the pressure sensors were corrected to a 1m distance based on The calculated correction factors for PP2, PP3 and PP4 for the1 m reference distance is -8.2 dB, -10.3 dB and -3.4 dB respectively. Note that the analysis has concentrated on data from these
pressure sensors rather than the accelerometers as they were in direct contact with the water and the pressure corrections were applied for the lower frequencies.
The correlation method is based on the comparison of the radiated noise levels with the pressure pulse levels using graphics as shown Figure 17 through 20. A "reference line" was introduced to graphs to show the tendency of the correlation between the pressure sensors and hydrophone more clearly. Two different frequency ranges were selected to evaluate the parameters (RNL and pressure pulse); a lower frequency region (1 -500 Hz) and a higher region (1 kHz -5 kHz). The correlation in the high (broadband) frequency region is not presented in this paper as the various noise sources such as unsteady cavitation and turbulent flow are dominating in this region. For this reason, it is difficult to associate tonal noises with the blade passing frequency (BPF) in the URN spectra.
The lower frequency region from 1 Hz to 500 Hz includes the region where the blade passing fundamental and low harmonic frequencies occur. In this region, the amplitudes of the peaks at the BPF seen in the narrow band analyses of the RNL and pressure pulse data recorded for the various engine speeds were extracted.
Derived from the measurements, the curves in Fig. 17 and Fig. 18 indicate a clear relationship between the on-board pressure and the off-board radiated noise measurements as engine rpm and hence vessel speed increases. A divergence from this trend is evident at the 3rd BPF shown in Fig.   19 . The reason for this divergence is the hydrophone measurement at the 2000 rpm engine speed being lower than 1200 rpm condition at the 3 rd BPF, as shown in Tab 6. Fig. 20 presents the data for the 4 th BPF, which shows a relatively good agreement between the increase in pressure and noise. Tab 6-RNL corresponding to 3 rd BPF for each engine speed (Humphrey et al. 2015) . 
Conclusion and discussion
In this study traditional as well as innovative methods were employed to obtain URN levels. Results gained from this new correlation method provide insights into the relationship between on-board measured data and URN data. The URN was associated with machinery and ambiance noise before cavitation inception. The structural dynamics were also excited by the main engine. After the cavitation inception, the URN level and pressure pulses were dominated by cavitating propellers.
Vibration analysis showed that the structural responses were higher at the blade passing frequencies than at the main engine harmonics when the strong suction side sheet cavitation appeared.
It was experienced that monitoring the measurements in OTO octave band was practical to gain an overall impression of the URN phenomenon, however, narrow band analysis was found to be necessary in order to identify the noise sources accurately. The dominant noise sources were clearly detected in the acceleration data analysed in narrow band. The frequencies at which harmonics of the shafts, the propellers and the main engines occur on the target vessel were very similar and hence could not be easily analysed in OTO band data.
The correlation method presented in this paper is based on the data collected from the pressure sensors and hydrophones. The main reason to concentrate on the pressure sensor data, rather than the accelerometer data, is that both the pressure sensors and hydrophones were operated in the fluid domain and therefore receive the direct transmission of the fluid pressures from the cavitating propellers.
One of the major outcomes from the correlation method is that the radiated noise levels can be associated with pressure sensor data in the low and medium frequency range which covers the first four blade passing frequencies. Underwater radiated noise data can also be obtained with accelerometers and the correlation method can further cover the higher frequency range. Due to the high modal density it is, however, very complicated to associate the results with noise beyond the middle frequency range (~1 kHz). Nevertheless, the accelerometers have an essential role in defining the dominant noise sources on the vessel. The techniques developed in this study can most likely be applied to the determination of URN levels of similar vessels. For this reason, URN levels can be monitored in real time via the deployment of relatively inexpensive equipment.
